An ultra -high -pressure metamorphic condition (~ 140 km) at ~ 950 °C is identified from a garnet -pyroxenite, containing primary supersilicic clinopyroxene, as a part of the mafic -ultramafic lenses enclosed in the Gföhl granulite at the Horní Bory quarry of the Bohemian Massif, Czech Republic. Petrological data indicate that the garnet -pyroxenite was isothermally (~ 900 °C) exhumed from the upper mantle (~ 140 km) to the lower crust (~ 50 km), and the supersilicic clinopyroxene was decomposed to sodic augite and quartz during the exhumation. This ultra -high -pressure metamorphic evidence is the first to be derived from the mafic rock directly enclosed within the Horní Bory granulite in the Moldanubian zone of the Bohemian Massif.
INTRODUCTION
In the crystalline core complex of the Moldanubian Zone in the Bohemian Massif, many mafic and ultramafic rocks form as lenticular bodies in high -grade metamorphic rocks which are mainly composed of granulites/migmati tic gneisses with peraluminous granitic compositions (hereafter referred to as Gföhl granulite/gneiss). Many researchers reported ultra -high -pressure metamorphic (UHPM) conditions within coesite -and/or diamond -stability fields from Mg -and Cr -rich ultramafic rocks (e.g., Medaris et al., 2005) , Fe -dunite/wehrlite (Ackerman et al., 2008) , and eclogite layers and garnet -bearing pyroxenite layers within such ultramafic rocks (e.g., Nakamura et al., 2004; Medaris et al., 2006; Ackerman et al., 2008) in the Bohemian Massif. Some UHPM evidence was found from minerals/rocks such as pyrope/orthopyroxene -bearing Mg -Al rich metasedimentary rock (Kotková et al., 1997) , clinopyroxene with K -feldspar lamellae in Lower Austria (Becker and Altherr, 1992) , garnet with small but significant amounts of Na 2 O (= 0.18 wt%) and TiO 2 (= 0.5 wt%) in the Gföhl granulite (Vrána and Frýda, 2003) , and SiO 2 inclusions in zircons with 521 cm −1 Raman spectrum extracted from the Gföhl gneiss (Kobayashi et al., 2008) . However, the UHPM evidence has not been found either in the Gföhl granulite (Carswell and O'Brien, 1993) or the mafic rocks directly enclosed within the Gföhl granulite (e.g., Medaris et al., 1998; Ackerman et al., 2008) . The studied Horní Bory granulite, located in the eastern part of the Czech Republic (western Moravia; Fig.  1 ), is considered to be a member of the disrupted fragments of the Gföhl granulite, and it contains various kinds of mafic and ultramafic rocks, such as harzburgites, lherzolites, dunites, wehrlites, olivine -pyroxenites, pyroxenites, and eclogites (Misař and Jelínek, 1981) . Medaris et al. (2005) classified ultramafic rocks into the following two groups: Type II -Mg peridotites have Mg -and Cr -rich bulk compositions typical for mantle -derived rocks, and Type II -Fe peridotites have Fe -and Ti -rich bulk compositions. Medaris et al. (2005) interpreted such rocks as the disrupted fragments of mafic -ultramafic cumulate complex. On the other hand, Ackerman et al. (2008) proposed that Type II -Mg peridotites represent the intact fragments of the upper mantle from a depth of ~ 120 km. Ackerman et al. (2008) also proposed that the Type II -Fe peridotites are the reaction product between the Type II -Mg peridotite and the SiO 2 -undersaturated basaltic melt, and the re-sidual melt subsequently crystallized to pyroxenite, based on the P -T estimations and the geochemical data. To test this hypothesis, further petrological study on mafic -ultramafic rocks will be helpful. Our petrological study on a garnet -pyroxenite (Grt -pyroxenite) in the Horní Bory granulite suggests that this rock was formed under UHPM conditions (~ 140 km depth at ~ 950 °C). In this paper, we describe the petrologic characteristics of the Grt -pyroxenite and discuss its petrogenesis.
THE GARNET-PYROXENITE LENS IN HORNÍ BORY GRANULITE
The studied rock was collected from the Horní Bory quarry (49°25′15′′N, 16°02′13′′E) located north of Velké Meziříčí in western Moravia. The host granulite contains a number of relatively small (mostly several meters long) lenses of mafic -ultramafic rocks and garnetiferous calcsilicate rocks. The main lithotype of the host granulite is the kyanite -bearing leucocratic granulite that has a granitic composition, which alternates irregularly with garnet/ biotite -rich melanocratic granulites that have a pelitic composition (e.g., Fiala et al., 1987) . The studied Grt -pyroxenite occurs as a lens (~ 2 -3 meters long) directly enclosed within the melanocratic granulite. The Grt -pyroxenite mainly consists of kelyphitized garnet (Grt), clinopyroxene (Cpx), orthopyroxene (Opx), and amphibole (Amp), and it is characterized by the alternation of Opxrich, Cpx -rich, and Grt/Cpx -rich layers ( Fig. 2A) grains in the matrix form a zone with a darker -colored core and a brighter -colored rim at the contact point with the kelyphites (Fig. 2C) . Some of the Amp grains occur in the outer part of the kelyphites, and others occur in and around the Cpx grains (Fig. 2B ).
Garnet also contains numerous inclusion phases such as Cpx, Rt, Ilm, Phl, Opx, Qtz, Amp, and Zrn (Fig. 2D ). Among them, Cpx, Rt, and Ilm generally occur as relatively large grains (>0.1 mm in diameter). Clinopyroxene included in the Grt include Pl, Qtz, Opx, and/or Amp (Fig.  2D ). Between Cpx grains and the host Grt, fine -grained kelyphites were developed on the Grt side, and mediumsized Opx coronae were formed on the Cpx side (Fig.  2D ). Some fine -grained Opx is also included in the Grt (<0.3 mm in diameter, Fig. 2D ).
Most marginal parts of Grt grain were decomposed into kelyphite, which is composed mainly of Opx and Pl with various amounts of Amp. Some kelyphites show a zonal texture: the inner fine -grained part mainly consists of submicron -sized Opx and Pl; the outer relatively coarse -grained (>0.01 mm) part mainly consists of Amp and Pl (Fig. 2B) .
MINERAL COMPOSITIONS
Coarse -grained Grt is chemically homogeneous {X Ca [= Ca/(Ca + Mg + Fe )] = 0.54 -0.57} in the inner part of the core, X Ca slightly increases (0.12 -0.15), and Mg# decreases (0.47 -0.54) at the rim. The Mg# ratios of Grt in the studied rock are significantly lower than those of Grt (0.63 -0.80) reported for mafic -ultramafic lenses in another study conducted in the same area (Ackerman et al., 2008) . The core of coarse -grained Opx grains in the matrix is characterized by lower Al 2 O 3 (0.30 -0.70 wt%) and CaO (0.25 -0.40 wt%) and higher Mg# (0.76 -0.79) than those of the (Figs. 3a and 3b) . Orthopyroxene coronae, which were formed between the kelyphites and the matrix Cpx (Fig. 2B ), contain higher Al 2 O 3 (1.1 -2.0 wt%) and CaO (0.44 -0.51 wt%) (Fig. 3a) . This type of Opx has lower Mg# (0.67 -0.75) than the Opx -core in the matrix (Fig. 3b) Ackerman et al., 2008) . A Tschermaks content in the Cpx grain is defined as (Al + Cr − Na)/2 on the basis of 6 atoms of oxygens per a formula unit. In the Cpx grains in the matrix (Fig. 2B) , the Tschermaks content slightly increases (0.03 -0.07) and an Na 2 O content and an Mg# ratio decrease (1.7 -0.1 wt%; 0.85 -0.79, respectively) from the core toward the rim. In particular, the core of Cpx in the matrix, which is isolated from kelyphites, as represented by the dotted area in Figure 4b, Pl grains in the fine -grained kelyphites are characterized by a relatively high anorthite component (84 -95), while Pl crystals in the coarse -grained kelyphites possess moderate anorthite components (49 -52). All Amp analyzed are pargasite or edenite with Si = 6.17 -6.94 on the basis of 23 atoms of oxygen per a formula unit and Mg# ratio = 0.60 -0.82 (Table 1) . Phl included in the Grt has a higher TiO 2 (~ 4.1 wt%) and a higher Mg/Fe ratio (3.3).
EQUILIBRIUM STAGES AND THE PRESSURE-TEMPERATURE PATH
Based on the textual relationships and mineral compositions, the following sequence of equilibrium stages can be reconstructed for the Grt -pyroxenite studied. The Stage 1 assemblage is mainly represented by the core of coarse -grained Grt, the core of coarse -grained Opx in the matrix, and the supersilicic and Na -rich Cpx, inferred from the coarse -grained Cpx having an exsolution of Qtz, Amp, Pl, and Opx (Fig. 2B) . Accessory phases such as Rt, Phl, and Zrn might be stable during Stage 1, because these phases are included in the Grt grains. The peak P -T conditions of the Stage 1 were estimated by combining the Grt -Opx geobarometers (Nickel and Green, 1985; Brey and Köhler, 1990) , the Grt -Opx geothermometer (Harley, 1984) , and the Ca -in Opx geother- (Brey and Köhler, 1990) . Application of these thermobarometers to the Stage 1 mineral assemblage (Grt -55 and Mat Opx -37 in Table 1 ) yields the conditions of 870 -1030 °C and 3.9 -4.8 GPa (Fig. 5) . On the other hand, the application of the Grt -Opx geobarometer (Brey and Köhler, 1990 ) and the Ca -in Opx geothermometer (Brey and Köhler, 1990) to the Al -poor rim of the Opx grains in the matrix and the rim of neighboring Grt grains (07Grt and 08Opx in Table 1 ) yields a fairly high P condition (~ 3.6 GPa and ~ 970 °C).
Stage 2 is defined as the timing of the decomposition of the supersilicic Cpx to the sodic augite + Qtz + Amp + Pl + Opx (Fig. 2B) . It has been postulated that the supersilicic Cpx can be stable at very high P conditions (>2 -3 GPa) and relatively high T conditions (e.g., Schmädicke and Müller, 2000; Nakano et al., 2007) . The application of the single Cpx geothermobarometer of Nimis and Taylor (2000) to the core compositions of Cpx (35Cpx -01 in Table 1 ) in the matrix, which contain the minimum Tschermaks component among the analyzed Cpx crystals in the studied Grt -pyroxenite (Fig. 4b) , yields P -T conditions of ~ 2.3 GPa and 950 °C.
Stage 3 is defined by the following kelyphite -forming reaction: Grt + Cpx + Qtz = Opx + Pl (e.g., Pattison, 2003) . Previous experimental work on the anorthite -enstatite system (Kushiro and Yoder, 1966) and the pseudosection calculation analyses on pyroxenitic rock from the Erzgebirge (Schmädicke, 2000) suggested that this reaction takes place in a narrow pressure range (1.4 -1.6 GPa) at relatively high T conditions (700 -1000 °C). Thus, we assume that this pressure range would constrain the condition of the kelyphite -forming reaction at Stage 3. The presence of Amp in the outer part of the kelyphites suggests that hydrations of Grt -pyroxenite occurred during )] versus (Al + Cr − Na)/2 (on the basis of 6 atoms of oxgens per a formula unit) diagram. The hatched field in diagram (a) represents the Cpx compositions in mafic -ultramafic lenses at the Horní Bory quarry by Ackerman et al. (2008) , and a dotted area in diagram (b) represents the core part of Cpx in the matrix that is isolated from kelyphites. Figure 5 . Calculated pressure -temperature (P -T) conditions for the studied garnet -pyroxenite. Dark grey boxes represent the P -T conditions for Stage 1, Stage 2, and Stage 3. These P -T conditions were calculated using the following geothermometers: Cain orthopyroxene (Opx) thermometer of Brey and Köhler (1990) [BK90thermometer], garnet (Grt) -Opx thermometer of Harley (1984) [HR84], single clinopyroxene geothermobarometer of Nimis and Taylor (2000) [NT00], and amphibole -plagioclase thermometer of Blundy and Holland (1990) [BK90] in conjunction with the following geobarometers: Grt -Opx barometer of Brey and Köhler (1990) [BK90barometer] and of Nickel and Green (1985) [NG85]. Dotted areas represent P -T conditions for Type II -Mg peridotites, Type II -Fe peridotites (85GM8B), and garnetpyroxenite (HB4) at the Horní Bory quarry reported by Medaris et al. (2005) and Ackerman et al. (2008) .
the kelyphite -forming reaction. Applying the amphibolePl thermometer of Blundy and Holland (1990) Table 1 ). The Opx inclusions in the Grt, which is characterized by high Al 2 O 3 (>2.0 wt%, see Fig. 3 ) and low CaO (~ 0.30 wt%) might be re -equilibrated near P -T conditions of Stage 3, because an application of the Grt -Opx geobarometer (Brey and Köhler, 1990 ) and the Ca -in Opx geothermometer (Brey and Köhler, 1990 ) to a combination of the rim of Opx inclusion and the rim of neighboring host Grt (Grt3 -R1 and Opx c3 -1 in Table 1 ) yields similar lower P conditions (~ 1.6 GPa at 820 °C). In summary, we can define a P -T trajectory for the studied Grt -pyroxenite by connecting the P -T conditions estimated from each equilibrium stage (Fig. 5) . The studied Grt -pyroxenite in the Horní Bory granulite records an UHPM condition (~ 4.3 GPa), and it was exhumed to the lower crust (~ 1.5 GPa), maintaining a high -T condition (~ 800 -950 °C).
DISCUSSION
The isothermal decompression path from the UHPM condition is similar to those reported from various ultra -highpressure metamorphic terranes, such as the Kokchetav massif (e.g., Shatsky and Sobolev, 2003) and the Su -Lu region (e.g., Hirajima and Nakamura, 2003) . In the following discussion, we will examine the implication of the obtained P -T path for the origin of mafic -ultramafic rocks in the Horní Bory granulite. The peak P -T conditions estimated for the studied Grt -pyroxenite (~ 4.3 GPa) are slightly higher than those estimated for the Cr -rich Type II -Mg peridotite [3.8 GPa and 905 -910 °C of Medaris et al. (2005) and Ackerman et al. (2008) ], and those estimated for the Type II -Fe peridotites and associated pyroxenites [2.1 -3.6 GPa of Medaris et al. (2005) and Ackerman et al. (2008) ]. Medaris et al. (2005) suggested that the Gföhl granulite was originally a high P melt, which subsequently ascended from the deep upper mantle regions and entrapped the mantle wall rocks at the deep upper mantle regions (Type II -Mg peridotites) and at the relatively shallow upper mantle regions (Type II -Fe peridotites). However, Ackerman et al. (2008) recently proposed that SiO 2 -undersaturated melts of basaltic composition invaded the mantle at a level of ~ 100 to 110 km and then formed the Type II -Fe peridotites and associated pyroxenites during the subsequent uplift. They concluded that the Type II -Mg peridotites and the Type II -Fe peridotites along with the associated pyroxenites were exhumed from a level of ~ 100 -110 km to 60 -85 km. If the Grt -pyroxenite in this study was formed by the rock/melt interaction proposed by Ackerman et al. (2008) and if the total density of the invaded melts and the reaction products from the melts (Type II -Fe peridotites and pyroxenites) was lower than that of the host mantle peridotite, the melt infiltration may have triggered a diapiric uplift of the mantle material. This scenario is worth considering to determine how mixing of the deep mantle materials with crustal rocks occurred in the continent -continent collision setting.
Alternatively, we can surmise that the wide range of peak P -T conditions among Type II -Mg peridotites, Type II -Fe peridotites, and the Grt -pyroxenite reported by previous authors (Medaris et al., 2005; Ackerman et al., 2008) may have been caused by the inappropriate applications of geothermobarometers. Most Type II -Fe peridotites and pyroxenites contain a scarce amount of small Opx crystals (mostly <1 vol% after Ackerman et al., 2008) . In these rocks, Opx might be formed secondarily as was observed in our specimen (Fig. 3) . If we apply the Grt -Opx thermobarometer to such secondary Opx and the coarse -grained Grt, spurious estimates will be obtained. In such cases, it is necessary to reevaluate the P conditions by using the Grt -Cpx geobarometer of Nimis and Taylor (2000) . Here we apply this barometer to a Type IIFe peridotite (sample 85GM8B; Medaris et al., 2005) and a pyroxenite (HB4; Ackerman et al., 2008) . Previous geothermobarometric studies that used the Grt -Opx barometer of Brey and Köhler (1990) yielded 2.5 GPa for sample 85GM8B and 2.1 GPa for HB4 as their peak P conditions (Fig. 5) . However, application of the Grt -Cpx geobarometer of Nimis and Taylor (2000) yielded UHPM conditions for sample 85GM8B (~ 3.0 -3.4 GPa at T = 900 -1000 °C) and sample HB4 (~ 3.5 -3.9 GPa at T = 900 -1000 °C). These results suggest that whole maficultramafic lenses were exhumed together from the very high P condition (~ 3.0 -4.3 GPa).
In summary, our research shows that not only peridotites and associated pyroxenite layers but also the isolated Grt -pyroxenite lens directly enclosed within the Horní Bory granulite have been affected by UHPM conditions. In particular, the various peak P conditions observed for the mafic -ultramafic rocks in the Horní Bory granulite suggest that unless they are derived from different depths of mantle sources, such various P estimates are caused by geothermobarometric artifacts. Determining the precise peak P -T estimates will be very important for understanding the origin and evolution of mafic -ultramafic rocks. Further studies will be needed to decipher the meaning of the observed discrepancy among peak P conditions for different lithotypes.
